Wind power fluctuations usually cause grid frequency deviations, which could have a significant impact on an isolated power system. This paper proposes a dispatch strategy of the energy storage (ES) to support grid frequency stability of the isolated power system. The dispatch strategy of the ES is based on the forecasted mean wind speed and the corresponding standard deviation. Based on the dispatching scheme, a power spectrum density (PSD)-based method has been developed for sizing the ES and validated through system simulations based on the actual wind speed data and real isolated system in China. Results presented in this paper have shown demonstrated that the cycle-life of the ES can be significantly saved by using the proposed dispatch strategy. The developed ES sizing method has taken the random characteristics of wind power fluctuations and the frequency responses of the system into full consideration. Therefore, the proposed dispatch strategy and sizing method of the ES is general and can be applied to other isolated power systems with the ES being used to support grid frequency stability.
I. INTRODUCTION
In recent years, due to the lack of appropriate support of grid infrastructure and management, a large amount of remotely installed wind power in China has not been connected to the power transmission network as planned. One feasible solution to solve this problem is to connect the grid wind power to isolated power systems for local assumption. However, grid frequency stability as affected by wind power fluctuations is one of the most significant problems in an isolated system [3] . When wind penetration is high, the isolated system may not be able to cope with the level of perturbations to keep the grid frequency deviations within the limit required by system security. In this case, energy storage (ES) is a viable way to support the grid frequency stability of the isolated system.
Considerable research has been carried out in the area of sizing the ES, which can be mainly classified into two groups. One focuses on the investigation in the time domain and The associate editor coordinating the review of this manuscript and approving it for publication was Rui Xiong . the other in the frequency domain. References [5] - [8] are the representatives of studies in the time domain, aiming at finding the optimal size of the ES to reduce the variability of wind farm output to an expected level. However, the studies in the frequency domain quantify the maximum requirement for the ES to meet the required balancing power over a certain frequency range [9] - [11] . To reflect the impact of random nature of wind generation on the power system frequency stability, a recent study [12] has applied a method based on power spectrum density (PSD) to size the ES.
To support the grid frequency stability, if the ES works continuously during every dispatch/control cycle, frequently switching between two states (i.e., power charging and discharging), the life-cycle cost of the ES would be significantly increased. Hence this paper examines the strategy that the ES is only activated when the maximum of the evaluated grid frequency deviations for the next dispatch/control cycle is over a certain secure limitation. In this case, the operational lifetime of the ES will be considerably prolonged. According to the research in [13] , the life-cycle of the ES normally VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ constitutes a large proportion of the total cost of a wind energy project. Therefore, such life-cycle saving dispatch strategy is meant to reduce the application cost of the project. Based on the idea of life-cycle saving dispatch strategy, this paper proposes an ES sizing method, which has been developed from [12] . The proposed method has been tested in a real isolated industrial power system in China. Since the proposed method may be mathematically complex to some readers, in order to provide a clear demonstration, the introduction of the method will be accompanied by the test results of the power system throughout the paper in the following sections.
II. DESCRIPTION OF THE ISOLATED INDUSTRIAL POWER GRID
The isolated industrial power system examined in the paper locates in the Inner Mongolian, China, with the structure shown in Fig. 1 . This system is geographically far away from the main transmission network and thus its operation completely relies on the self-owned power generation within the system. The main features of this isolated system are described as follows.
N Load: 'The main load in this grid is from a 1400MW electrolytic aluminum plant. Hence the majority of the load in this system is the DC load. N Generation: coal-fired power plants with a total 1700MW capacity, dispatched every 10 minutes. N Wind Farms: Two wind farms with a total 800MW capacity will be installed shortly. Their outputs are highly correlated due to the short distance from each other. Hence intensive wind power fluctuations will be imposed on the power grid.
Integration of large-scale wind power into this isolated system might lead to significant deviations in grid frequency. This is because: i) there is no automatic generation control (AGC) in the isolated system; ii) there is no external support from the main transmission network; iii) wind power fluctuations will be relatively strong due to the high correlation between wind farms. Fig. 2 shows the proposed life-cycle saving dispatch strategy for the ES to be installed in the isolated system to reduce the grid frequency deviations as affected by wind power fluctuations.
III. STRATEGY FOR DISPATCHING ENERGY STORAGE
A. MODULE 1: MODELING WIND POWER FLUCTUATIONS [14] , [15] Mean value (V w0 ) and the standard deviation (σ υw ) of the wind speed at the hub height for the next dispatch cycle can be determined via the forecasting. An up-to-date wind forecast method which has been put into practice by Texas ISO is employed in this module to ensure the accuracy of simulated wind power fluctuation [16] . Then the stochastic second-bysecond wind power (P w (t)) from the corresponding wind farm for that dispatch cycle is simulated. The model of wind power fluctuations used is shown in Fig. 3 . The modeling starts with the PSD of wind speed, S hub [1] (f ) = S hub [2] (f ) = · · · = S hub[n] (f ), which is calculated by using Eq. (2) [14] based on V w0 and σ υw . γ [r,c] (f ) in the model is a coherence matrix which quantifies the smoothing effect brought about by the geographic dispersion of wind turbines. γ [r,c] (f ) can be expressed as:
where A [r,c] is the decay factor, and d [r,c] is the distance between wind turbine r to wind turbine c. The parameters for for Eq. (1) can be found in Reference [15] . In this study, the distance between the turbines is 600 m in the rows as well as columns. In Fig. 3 , S ueq (f ) represents the PSD of wind speed of each wind turbine and S agg (f ) represents the PSD of equivalent wind speed at the wind farm location. In practice, V w0 and σ υw can be forecasted accurately for one short-term dispatch cycle (5-15 mins, 10 min is used in this paper) ahead [17] .
where L 1 is the length scale and z is the hub height of the wind turbine.
Once P w (t) is simulated for the next dispatch cycle, wind power fluctuations ( P w (t)) affecting grid frequency deviations can be expressed as
where P ave (t) is the average value of P w (t) in one dispatch cycle.
B. MODULE 2: COMPUTING GRID FREQUENCY DEVIATIONS AS AFFECTED BY WIND POWER FLUCTUATIONS
In practice, the maximum grid frequency deviation ( f max grid ) can be evaluated for every dispatch control cycle. For instance, every 10 mins in this study [19] . Based on P w (t) and the grid frequency response characteristic of the system, the grid frequency deviations in the time domain ( f grid (t)) can be obtained. Since the transmission network is not particularly relevant in the frequency control application of ES [20] , a general frequency response model [21] in the frequency domain is shown in Fig. 4 . The parameters of the test system are given in Appendix A.
The most common way to simulate f grid (t) is to use commercial power system simulation tools, such as DIgSI-LENT PowerFactory or PSS/E. But this method has several drawbacks [22] . For instance, the calculation based on the commercial tools becomes unacceptable to accomplish the simulation within one dispatch cycle when the system scale is large. Instead, a PSD-based method has been validated in [14] and [23] . In the above papers, the PSD-based method is used to simulate f grid (t), which consists of the following three steps:
1) Calculate the PSD of wind power fluctuations, S w (f ), based on the Fourier transformation (FT) of the time-domain series, P w (t). 2) Yield the PSD of grid frequency deviations S f (f ), by Eq. (4), based on the corollary of the Wiener-Khinchine theorem [24] .
where |H (f )| is the amplitude of frequency response of the system, which gives the relationship between the amplitude of an sinusoidal input (f ) cos (2π f ) and its corresponding output
. |H (f )| of the studied system can be calculated from the transfer function of the system, G (s), as |H (f )| = |G (j2π f )|. G (s) of the test system is given in Appendix B and |H (f )| obtained is shown in Fig. 5 .
3) Recover the grid frequency deviations f grid (t) in the time domain. Firstly, Eq. (5) and (6) are used to recover the FT of f grid (t) (Y f grid (t)). Then f grid (t) is calculated based on the inverse Fourier transformation (IFT)
where E(·) denotes the mean value, and δ(f ) is a random complex number for frequency f .
C. MODULE 3: DISPATCHING ENERGY STORAGE FOR THE NEXT DISPATCH CYCLE
After f grid (t) for the next dispatch cycle is calculated, the maximal grid frequency deviation ( f max grid ) can be assessed. As defined in [22] and [25] , f max grid is 1% of the percentile of f grid (t), which can be read at the position of 1% of the duration of f grid (t) (percentile value vs. f grid (t)). A 3-D figure plotted in Fig. 6 illustrates the relation between f max grid and the combinations (V w0 , σ υw ).
It is assumed that in the test system, f grid (t) should be limited within ±0.35% under normal conditions, to maintain the grid frequency stability. The grey plane in Fig.6 represents the maximum allowable frequency deviation f max grid = 0.35%. The ES is activated if the combination (V w0 and σ υw ) enters the subspace above the grey plane. A contour diagram obtained from Fig. 6 is shown in Fig. 7 . The shadow area in Fig. 7 corresponds to the combinations (V w0 , σ υw ) where the ES needs to be activated.
IV. REDUCING MAXIMUM OF THE GRID FREQUENCY DEVIATIONS BY USE OF ENERGY STORAGE
As seen from Eq. (4), both S w (f ) and |H (f )| can affect S f (f ) thus affecting f grid (t). The ES can smooth the wind power fluctuations to reduce S w (f ). In the frequency domain, the ES can smooth out the component of the wind power fluctuation between the frequencies f L and f N by applying a band-stop filter [9] to its spectrum, X w (f ). The traditional generations respond to the remaining component of wind power fluctuations corresponding to the frequency band [f L , f N ]. Hence, the contributions of the traditional generators have been considered in the model. The band-pass filter is a window with unit magnitudes outside the band and zero magnitudes within the band. After filtered by the ES, the FT of wind power fluctuations, X w (f ), becomes
Thus the PSD of the filtered wind power fluctuations is Take the forecasted combination for the coming dispatch cycle, V w0 = 10m/s and σ υw = 10%, as an example. According to Fig. 6 , f max grid for this case, is over 0.35%. Hence the ES should be activated during the next dispatch cycle. If the cut-off frequency range of the ES is chosen to be [0.005 Hz, 0.0333 Hz], S w (f ) determined by Eq. (7) and (8) is obtained, as shown in Fig. 8 . The corresponding PSD of f grid (t) and the duration of f grid (t) in the time domain are given in Fig. 9 and Fig. 10 , respectively. It can be seen that the filtered wind power fluctuations corresponding to the combination of V w0 = 10m/s and σ υw = 10% with the frequency band of [0.005 Hz, 0.0333 Hz], f max grid , is limited below 0.35% of the normal frequency, thus satisfying the grid frequency stability requirement. As such, the next task is to optimally determine the minimum capacity requirements of the ES for the test system.
V. SIZING ENERGY STORAGE FOR THE ISOLATED SYSTEM A. SIZING ENERGY STORAGE BASED ON THE CUT-OFF FREQUENCIES
When wind power fluctuations at the frequency band [f l , f u ] are smoothed out by the ES, the PSD of assigned ES power can be determined by Eq. (9). Then randomly assigned power output of the ES in the time domain, e P (t), can be calculated by using the method illustrated in Section III. B.
Considering the discharging efficiency η ES,d and the charging efficiency η ES,c of the ES, the actual assigned power output of the ES, e * P (t), is determined by
Subsequently, the rated power of the ES, P ES , is determined by the maximum value of the charge or discharge power as
The rated energy of the ES, E ES , can be calculated in the following two steps: 1) Calculate the cumulative energy of the ES, e E (t), related to its initial energy by Eq. (12), where T s = 1s
2) Calculate the energy capacity of the ES as
where SOC up and SOC low is the upper and lower limit of the state-of-charge (SOC) of the ES. In this paper SOC up and SOC low is set to 0.8 and 0.3, respectively. Note that ES ratings calculated in Eq. (11) and (13) only take into account that ES must provide frequency regulation. To calculate the multi-function (i.e., energy arbitrage, transmission congestion management, voltage support, etc.) power and energy ratings, e * P (t) should be adjusted by superimposing the random time-varying components determined by other purposes.
B. COST MODEL OF THE ENERGY STORAGE
The battery-type ES is applied to regulate grid frequency in this paper. When the assigned power of the ES during each dispatch period T is determined by the above method, its expected lifetime can be conveniently evaluated. Normally, the battery cycle life is expressed by using the number of charge-discharge cycles that the battery can undertake before it has to be replaced. Typically, the cycle life of battery-type ES can be obtained by discharging it to a specified depth of discharge(DOD) level and then recharging it to the full capacity at rated current. In practice, a feasible way to estimate the battery life cycle is to use the cycling ampere-hour (Ah) that the battery experiences, as illustrated in [26] . The battery equivalent service cycle life (C B ) can be obtained by
where Ah j is the Ah that the battery experiences with respect to the jth discharge interval, Ah j = t j t j−1 I r (t) · dt. By supposing the battery terminal voltage does not vary greatly from its rated value, the discharge current I r (t) can be readily calculated based on the rated power capacity of ES. Then the yearly expected life of battery-type ES EL b can be expressed as
where C B,n is the battery life cycle of ES at rated condition, which is usually provided by the manufactures. The value C B,n is taken from [26] to be: C B,n = 500. Then the annualized cost of the ES C ES can be expressed as:
where k 1 and k 2 are the cost (US$) per MW and cost (US$) per MWh for battery, respectively. k 1 and k 2 are borrowed from [26] : k 1 = 125, k 2 = 150.
C. SEARCH THE OPTIMAL CUT-OFF FREQUENCIES
One of the most important tasks for sizing the ES is to search the cut-off frequencies. The procedure of optimal selecting the cut-off frequencies is shown in Fig. 11 . The objective of selection is to search the minimum yearly cost of the ES required while filtering wind power fluctuations to satisfy the grid frequency stability requirement. A typical gradient search method is adopted in this paper to find a reasonable solution. If the objective (C ES ) improves with a new f u as compared with the previous f u , updating f u continuously until no further improvements can be made. The value f l is determined similarly.
VI. CASE STUDY A. VALIDATION OF THE PROPOSED METHOD
Based on the real minute-by-minute wind speed data of a whole year (from Sep 30 th , 2009~Oct 1 st , 2010) provided by China Meteorological Administration (CMA) at the location of the planned wind farms, sizing the ES for the isolated test system was carried out by using the proposed method. The parameters of the wind turbines are presented in Appendix C.The results of the ES sizing are shown in Table 1 .
To verify the proposed method, system simulation is presented. The dispatch decision to activate the ES during the next dispatch cycle is made based on the forecasted wind data (mean value and standard deviation of wind speed of next dispatch cycle) by using the procedure introduced in VOLUME 7, 2019 FIGURE 11. The procedure of searching the optimal cut-off frequencies. Section II. If the ES needs to be activated during one dispatch cycle, the assigned power of the ES (e P (t)) in time-frequency is obtained by using inverse Fourier transform (IFT) on the FT results of the simulated second-by-second wind power, X w (f ).
The general model of the ES charging and discharging process is
where E(t) is the energy stored in the battery bank at the sample point t, SOC(t +1) is the state of charge of the battery in each time step. By carrying out system simulation, the time series of the assigned power and the stored energy of the ES are obtained. It is found that the power capacity and energy capacity satisfy the requirements under a given confidence level of 99.5%. In other words, there exists a risk that the grid frequency deviation is over the safe level, but the possibility of 0.5% is acceptable for the power system operation. Therefore, the proposed method can be used to smooth out wind power fluctuations, thus to maintain grid frequency stability. Fig. 12 presents a time history example for the assigned power and the stored energy of the ES during its first 40 dispatch cycles.
B. COMPARATIVE STUDY
The main advantage of the proposed ES dispatch strategy is that the ES does not need to be kept in constant working condition. It is activated only if the maximum grid frequency deviation is over 0.25% of the normal grid frequency. The lifetime of an ES has a great impact on its economic performances. Taking the battery-type ES as an example, the expected lifetime L ES (year), which is mainly affected by the depth of discharge (DOD) and the number of chargedischarge cycles, can be modeled as
where D f is the total fractional damage, T is the sampled time, T year is the time of ES working hours in a whole year, and C F,i is the damage corresponding to every cycle. For example, if D f = 0.5, it can be assumed that the battery-type ES has attained 50% damage in one year. Thus the battery-type ES needs to be replaced in two years. Table 2 presents the comparison of the yearly working hours, cycles and lifetime of the ES by using the proposed method and the methods suggested in previous studies.
It can be seen that by using the proposed method, the lifecycle of ES can be significantly improved and thus the corresponding lifetime can be increased approximately by 330% when compared with the existing ES dispatching methods.
C. EFFECT OF |H(f)| ON ES SIZING RESULTS
With the increase of wind penetration, some traditional generation will be replaced by wind generation. Thus the frequency response characteristics of the test system |H (f )| will be changed, which have a significant impact on the results of ES sizing.
Take the case that one of the four coal-fired generation units in the system is shut down to accommodate the wind power [27] in the future when the 800MW wind generation capacity has been installed as an example. |H (f )| is calculated for the scenario and shown in Fig. 13 (the corresponding G (s) is given in Appendix D).
The ES sizing results for the case are presented in Table 3 , compared with the original case. It can be seen from Table 3 that the required working hours of the ES for the three-unit case is more than that for the four-unit case. Besides, when one of the four units is shut down, a larger capacity of the ES is acquired. Meanwhile, the lifetime of the ES becomes shorter when one of the four units is shut down.
VII. DISSCUSSIONS
The proposed method in this paper has been developed from the previous publications [9] , [12] . in several aspects about sizing ES. However, the authors are working on the further enhancement of the proposed method. For instance, a long run of data is used and the worst case of power demand or capacity needed is calculated from the time series. In this case the parameters of the ES are determined by what could be regarded as statistical outliers. The authors are working on the application of the chance-constrained frequency-based method of sizing and dispatching the ES. The method consists of three components: wind fluctuation modeling for next dispatch cycle, computing the grid frequency deviations and dispatching the ES to maintain the grid frequency stability. The method considered as ''analytical'' uses the PSD theory to model the stochastic characteristic of wind power fluctuations and takes the frequency responses of the system into full consideration.
The method designs a risk assessment model of grid frequency deviation, which is capable of locally estimating the maximum grid frequency deviation risk of the next dispatch cycle. According to the estimated risk, the wind farm then determines whether or not to activate the ES. Based on the case study, it shows that the ES needs to 149,469 times of charging or discharging to prevent the frequency deviation incident under abnormal wind conditions. The cycle times of the ES can be cut as much as 80 percent with the proposed method when compared with the previous study, thus the cycle-life of the ES can be saved.
VIII. CONCLUSION
This paper proposes a dispatch strategy of the ES to support grid frequency stability of the isolated power system. The dispatch strategy of the ES is based on the forecasted mean wind speed and the corresponding standard deviation. Based on the dispatching scheme, a PSD-based method has been developed for sizing the ES and validated through system simulations based on the actual wind speed data and real isolated system in China.
Results presented in this paper have demonstrated that the cycle-life of the ES can be significantly saved by using the proposed dispatch strategy. The developed ES sizing method has taken the random characteristics of wind power fluctuations and the frequency responses of the system into full consideration. Therefore, the proposed dispatch strategy and sizing method of the ES is general and can be applied to other isolated power systems with the ES being used to support grid frequency stability. 
